Background-Rimonabant, the first selective cannabinoid type 1 (CB 1 ) receptor antagonist, improves cardiometabolic risk factors in overweight/obese patients. ADAGIO-Lipids assessed the effect of rimonabant on cardiometabolic risk factors and intraabdominal and liver fat. Methods and Results-803 abdominally obese patients with atherogenic dyslipidemia (increased triglycerides [TG] or reduced high-density lipoprotein-cholesterol [HDL-C]) were randomized to placebo or rimonabant 20 mg/d for 1 year. HDL-C and TG were coprimary end points. Intraabdominal (visceral) and liver fat were measured by computed tomography in a subgroup of 231 patients. In total, 73% of rimonabant-and 70% of placebo-treated patients completed the study treatment. Rimonabant 20 mg produced significantly greater changes from baseline versus placebo in HDL-C (ϩ7.4%) and TG levels (Ϫ18%; PϽ0.0001), as well as low-density lipoprotein (LDL) and HDL particle sizes, apolipoprotein A1 and B, HDL 2 , HDL 3 , C-reactive protein, and adiponectin levels (all PϽ0.05). Rimonabant decreased abdominal subcutaneous adipose tissue (AT) cross-sectional area by 5.1% compared to placebo (PϽ0.005), with a greater reduction in visceral AT (Ϫ10.1% compared to placebo; PϽ0.0005), thereby reducing the ratio of visceral/subcutaneous AT (PϽ0.05). Rimonabant significantly reduced liver fat content (liver/spleen attenuation ratio; PϽ0.005). Systolic (Ϫ3.3 mm Hg) and diastolic (Ϫ2.4 mm Hg) blood pressure were significantly reduced with rimonabant versus placebo (PϽ0.0001). The safety profile of rimonabant was consistent with previous studies; gastrointestinal, nervous system, psychiatric, and general adverse events were more common with rimonabant 20 mg.
A bdominally obese patients with an excess accumulation of intraabdominal or visceral fat are characterized by a constellation of atherogenic and diabetogenic abnormalities [1] [2] [3] [4] often referred to as the metabolic syndrome. 5 Recent evidence has also established that liver fat is a strong correlate of metabolic risk factors independent of visceral fat, suggesting that both visceral and liver fat affect cardiometabolic risk through partly independent mechanisms. 6 -8 
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It has been proposed that the mobilization of visceral adipose tissue and liver fat are more clinically relevant therapeutic targets than weight loss. 9 In this regard, physical activity/exercise has been shown to selectively reduce visceral adiposity. 10 However, for patients who do not respond adequately to lifestyle modification, pharmacotherapy targeting reduction of both visceral and liver fat may be relevant considering the risk associated with this phenotype.
The recent discovery of the endocannabinoid system (ECS) and its impact on visceral fat, liver fat, and associated cardiometabolic risk profile 11 has led to the development of a novel approach for targeting visceral obesity and related metabolic complications. [12] [13] [14] [15] Evidence in humans shows that abdominal obesity associated with excess visceral fat is characterized by an overactivated ECS. 16, 17 Furthermore, phase III studies conducted with rimonabant, the first cannabinoid type 1 (CB 1 ) receptor antagonist, have shown that antagonism of the ECS reduces body weight, and more importantly, decreases waist circumference while improving several features of the metabolic profile that predict risk of type 2 diabetes (T2DM) and cardiovascular disease. [12] [13] [14] [15] The ADAGIO-Lipids trial was specifically designed to further study the effects of rimonabant on a comprehensive set of cardiometabolic risk factors in abdominally obese dyslipidemic patients, with plasma high-density lipoprotein cholesterol (HDL-C) and triglycerides (TG) being coprimary end points. Further, for the first time, a computed tomography (CT) substudy was conducted to quantify the effects of rimonabant on visceral adiposity and liver fat.
Methods Patients
This randomized, double-blind, placebo-controlled, parallel-group study was conducted in 53 centers in 14 different countries. Male and female patients aged Ն18 years with a waist circumference Ͼ102 cm (men)/Ͼ88 cm (women) were recruited. Eligible patients were required to have atherogenic dyslipidemia (triglyceridemia Ն1.69 to Յ7.90 mmol/L [Ն1.5 to Յ7.0 g/L] or HDL-C Ͻ1.04 mmol/L [Ͻ40 mg/dL] in men and Ͻ1.29 mmol/L [Ͻ50 mg/dL] in women). Patients with T2DM could be included if they were on a stable-dose oral antidiabetic for at least 3 months and not treated with glitazones or insulin.
Exclusion criteria included a Ͼ5 kg change in body weight within 3 months before the screening visit; presence of clinically significant endocrine or metabolic disorder other than T2DM; any severe medical or psychological illness; or the presence or history (within the previous 5 years) of cancer. Patients were also excluded if they had a history of severe depression (depression which necessitated hospitalization; 2 or more recurrent episodes of depression; or a history of suicide attempt). Pregnant lactating women or women planning on becoming pregnant were excluded, while women of childbearing potential were required to use medically approved contraception. History or current substance abuse, or use of medication altering body weight or appetite, antidepressants, neuroleptics, or thyroid preparations (unless substitution therapy at a stable dose) within 3 months before the screening visit led to exclusion, as did a change in lipid-lowering treatments.
Study Design
The protocol was approved by the Institutional Review Boards and Independent Ethics Committee at each center, and the study was conducted in accordance with the Declaration of Helsinki and all applicable guidelines of the countries where the study was conducted. All patients provided written informed consent.
The study comprised a 1-week screening period, after which eligible patients were randomized 1:1 to placebo or rimonabant 20 mg/d for 1 year. Tablets were administered with or without food in the morning. Randomization was stratified on the use/no use of concomitant lipid-modifying agents to ensure equal numbers of patients with/without such agents in both treatment groups. During the 12-month treatment period, patients were asked to follow a mildly hypocaloric diet aiming at a deficit of 600 kcal/d in relation to their estimated daily energy needs. A 2-month safety follow-up was performed after the end of treatment or treatment discontinuation.
Patient visits occurred at 2 weeks and 2, 4, 6, 9, and 12 months after randomization; patients were also contacted by phone at 3, 5, 7, 8, 10, and 11 months to maintain compliance and check safety and tolerability.
Assessment of the Metabolic Profile
Measurements of the lipoprotein-lipid profile, glucose, insulin, adiponectin, and high-sensitivity C-reactive protein (hs-CRP) concentrations were performed in central laboratories. Methods are described in the supplemental materials (available online at http://atvb.ahajournals.org).
Imaging Assessments of Visceral and Liver Fat
Abdominal visceral and subcutaneous fat areas and liver fat were assessed by CT using standardized procedures and analyzed centrally using specialized image analysis software (Tomovision). Further details on the methodology substudy are provided in the supplemental materials.
Study End Points
The coprimary efficacy end points were changes from baseline to 12 months in HDL-C and TG. Secondary efficacy end points included changes in visceral and liver fat, fasting lipid parameters (lowdensity lipoprotein cholesterol [LDL-C], total cholesterol, HDL-C and its subfractions, LDL and HDL particle sizes, apo A1 and B, apo B/apo A1 ratio), adiponectin, glucose, insulin, hs-CRP, body weight, and waist circumference.
Statistical Analyses
Efficacy analyses were performed on data from patients in the intent-to-treat (ITT) population, which consisted of all randomized patients who received at least one dose of study drug and had at least one baseline and one postbaseline assessment. Efficacy end points were analyzed using an analysis of covariance (ANCOVA), with treatment and randomization stratum as fixed effects, and using baseline as covariate. Efficacy analyses on the ITT population excluded assessments obtained after the patients discontinued treatment (up to 1 day after treatment discontinuation), as well as assessments obtained after any lipid-lowering treatment change for the lipid parameters. If a patient discontinued treatment or discontinued the study prematurely or did not have their measurement at the month-12 visit, the last observation carried forward (LOCF) procedure was applied, analyzing the last postbaseline value before the treatment cessation.
The primary statistical comparison was performed at month 12 using appropriate contrast within the framework of repeated measurements ANCOVA. A global 2-sided type I error of 0.05 was used. Categorical efficacy variables were analyzed using the chi-square test. Differences in adverse event rates between rimonabant and placebo groups were tested for significance using the Fisher test.
The authors had full access to the data and take responsibility for its integrity. The coprimary investigators (J.-P.D. and R.R.) drafted the paper, which was then reviewed and approved by all coauthors.
Results

Patient Demographics and Characteristics
In total, 803 patients were randomized, although 4 patients did not receive double-blind treatment; therefore, 799 patients (Ϸ75% whites) were exposed to study treatment, comprising 395 patients receiving placebo and 404 receiving rimonabant 20 mg. A total of 641 patients (80% of those randomized) completed the study (575 patients [72% of those randomized] completed study treatment). Main reasons for treatment discontinuation were adverse events (10.1% with placebo and 14.1% with rimonabant), patient request (13.4% with placebo and 8.4% with rimonabant), and lost to follow-up (3.8% with placebo and 2.5% with rimonabant). The treatment groups had similar baseline characteristics (Table and supplemental  Table I ).
Efficacy Assessments
After 12 months of treatment, rimonabant 20 mg resulted in significant increases in HDL-C levels and significant reductions in TG concentrations compared with placebo (Table and Figure 1A and 1B). Whereas a reduction in TG levels was already evident after 2 weeks of rimonabant treatment, the marked increase in HDL-C began to be observed after 6 months of therapy. The early decrease in TG levels was correlated with the magnitude of weight loss (rϭ0.18, PϽ0.005 in placebo; rϭ0.12, PϽ0.05 in rimonabant) already observed after 2 weeks of treatment ( Figure 1C ). The total cholesterol/HDL-C ratio was significantly improved in patients receiving rimonabant 20 mg compared with placebo (Table) . Treatment with rimonabant 20 mg led to significant improvements versus placebo in several cardiometabolic risk markers, including apolipoprotein (apo) A1 and apo B levels, apo B/apo A1 ratio, and hs-CRP (Table) . In addition, waist circumference and body weight were significantly reduced after 1 year to a greater extent in patients receiving rimonabant 20 mg versus placebo (Table) . No change in cholesterol or LDL-C were observed.
After the 12-month treatment period, rimonabant 20 mg resulted in a significantly greater increase in HDL 2 -C from baseline versus placebo (Pϭ0.0288; Table) . Similarly, greater increases in HDL 3 -C levels were observed with rimonabant 20 mg (Pϭ0.0103; Table) . Rimonabant 20 mg was also associated with a greater change in HDL particle size (Pϭ0.0009; Figure 2A ). Change in HDL particle size versus placebo was fairly rapid as a substantial difference was already observed between the two treatment groups after 2 weeks.
The distribution of LDL particles shifted toward larger sizes with rimonabant 20 mg versus placebo (PϽ0.0001; Figure 2B ). Rimonabant 20 mg was associated with a significantly lower proportion of small LDL particles (between-group difference: Ϫ6.46Ϯ1.11%; PϽ0.0001), and a significantly higher proportion of large LDL particles versus placebo (between-group difference: Ϫ4.84Ϯ0.98%; PϽ0.0001; Table) . The change in LDL particle size was already observed after 2 weeks of treatment and was correlated with early changes in TG levels (rϭϪ0.35, PϽ0.0001 in placebo and rϭϪ0.37 in rimonabant, PϽ0.0001).
HDL-C levels increased to a greater extent in patients who experienced Ն5% or Ն10% weight loss during the study ( Figure 3A ). Furthermore, patients in the rimonabant group also had greater increases in HDL-C versus patients with the same level of weight loss in the placebo group.
Increases in adiponectin levels from baseline were greater in patients who had achieved higher weight loss during the study ( Figure 3B ). For any given weight loss, change in adiponectinemia was more pronounced for patients who received rimonabant compared with placebo ( Figure 3B ).
Visceral Fat and Liver Fat Measured by CT
Rimonabant resulted in a greater reduction in both visceral (16% versus 5.9%; Pϭ0.0003; Figure 4A ) and subcutaneous fat (9.7% versus 4.7%; Pϭ0.0043; Figure 4B ) compared with placebo after 12 months. Rimonabant was also associated with a greater loss of visceral than subcutaneous fat (PϽ0.05).
Twenty-six of the 59 (44%) subjects treated with placebo and 27 (53%) subjects treated with rimonabant had a liver/ spleen attenuation ratio (fatty liver index: CTL/CTS) less than 1.0, a value used routinely to diagnose fatty liver. 18 After 12 months, the CTL/CTS ratio increased by a significantly greater extent with rimonabant versus placebo, with a change of 0.16 versus 0.05 during the study (Pϭ0.0017; Table and Figure 4C ). Almost 3 times (nϭ13 [48%] versus nϭ5 [19%]) as many patients on rimonabant who started with a diagnosis of fatty liver increased their fatty liver index to "normal" (Ͼ1) values after 1 year. Levels of ALT were also reduced to a significantly greater extent with rimonabant (from 33 to 25 IU/L; Ϫ15.4% change) versus placebo (from 33 to 30 IU/L; Ϫ3.5% change; difference Ϫ11.72Ϯ2.52%; PϽ0.0001). 
Plasma Glucose/Serum Insulin Levels and Blood Pressure
Both fasting glucose (difference Ϫ0.24 mmol/L; Pϭ0.0009) and insulin (difference Ϫ16.7 pmol/L; Pϭ0.0033) levels were significantly reduced compared to placebo with rimon-abant therapy (Table) . Systolic and diastolic blood pressure were equally reduced (both by 3 mm Hg) with rimonabant, such changes being significantly greater than in the placebo arm (PϽ0.0001; Table) . 
Safety and Tolerability
Rimonabant was generally well tolerated. Slightly more patients receiving rimonabant reported treatment-emergent adverse events (TEAEs) than placebo (88.9% versus 84.3%). The adverse events were usually mild or moderate in intensity.
A total of 59 serious TEAEs were reported in 58 patients during the study, the incidence being identical between the rimonabant 20 mg (nϭ29; 7.2%) and placebo (nϭ29; 7.3%) groups. The most common TEAEs occurring in Ն2% of patients receiving rimonabant 20 mg are listed in the supplemental Table II . Study treatment discontinuations attributable to TEAEs were slightly higher among patients receiving rimonabant 20 mg (14.1%) compared with placebo (10.1%). Anxiety and depression were the most frequent adverse events leading to premature treatment discontinuation: 9 patients (2.2%) and 4 patients (1.0%) for anxiety; and 8 patients (2.0%) and 5 patients (1.3%) for depression, in the rimonabant and placebo groups, respectively.
Serious adverse events linked to psychiatric disorders were suicidal ideation (placebo nϭ1; rimonabant 20 mg nϭ2) and suicide attempt (nϭ1 in each group). There were no reported deaths during the study.
Discussion
Results of ADAGIO-Lipids confirm the significant effect of rimonabant on HDL-C and TG levels in abdominally obese patients with an atherogenic dyslipidemia. 12, 14 Although the difference in HDL-C increase with rimonabant versus placebo was essentially similar to what had been observed in previous RIO studies, the absolute increase from baseline in HDL-C was less than in previous studies. [12] [13] [14] [15] We had previously proposed that the apparently exaggerated response of HDL-C in both placebo and rimonabant arms observed in the RIO studies was an artifact caused by the design of these studies. Indeed, baseline measurements performed in the phase III rimonabant studies were obtained after a 1-month run-in period during which patients followed the instructions received from study dieticians to reduce their daily caloric intake by 600 kcal. Thus, patients in the RIO program were actively losing weight (about 2 kg) at the time of their baseline measurements. As a consequence, metabolic parameters such as TG and HDL-C had already decreased from the screening period to the time baseline measurements were performed. In phase III studies, the metabolic effect of the weight loss during the run-in period may have altered the absolute response of metabolic parameters to rimonabant as patients' metabolic profile had already begun to change before the randomization of patients to either placebo or rimonabant. Therefore, ADAGIO-Lipids was specifically designed to assess the net effects of rimonabant (20 mg) when weight-stable abdominally obese dyslipidemic patients are randomized to either rimonabant or placebo.
As opposed to previous phase III studies with rimonabant, [12] [13] [14] [15] trivial changes in plasma HDL-C (ϩ1.8%) were observed among patients who received a placebo for 1 year. However, rimonabant 20 mg significantly increased plasma HDL-C by 8.7% compared to baseline, with a mean difference versus placebo of ϩ7.4% (PϽ0.0001). The other coprimary end point, plasma TG, also showed a very small reduction in the placebo group (Ϫ2.7%) compared to a reduction of Ϫ19.5% in the rimonabant 20 mg group, leading to a Ϫ18% difference in favor of rimonabant (PϽ0.0001).
These favorable changes in the lipid profile were accompanied by significant changes in a comprehensive set of cardiometabolic risk variables, which were also previously examined in some RIO studies but again in the context of the possible confounding effect of the 1-month hypocaloric run-in period. The ADAGIO-Lipids trial confirms that even in the absence of any change in LDL-C, rimonabant 20 mg increases LDL particle size and the proportion of large LDL particles while decreasing the percentage of small LDL particles. This shift in LDL particle size provides another example of the limitation of LDL-C in estimating the concentration of atherogenic lipoproteins in patients with abdominal obesity. 2 To deal with this limitation of LDL-C in patients with abdominal obesity and hypertriglyceridemia, it has been proposed to focus on apo B levels. 19, 20 In ADAGIO-Lipids, rimonabant 20 mg significantly reduced apo B levels and increased apo A1, leading to a significant reduction in the apo B/apo A1 ratio. This ratio, as well as the cholesterol/ HDL-C ratio (also reduced after rimonabant therapy), have been reported to be a useful predictors of coronary heart disease risk. 21, 22 Additional measures of HDL "quality" were performed in ADAGIO-Lipids. Whereas a small but significant effect of rimonabant on apo A1 level was found, a more robust response of HDL subfractions was observed and both HDL 2 -C and HDL 3 -C levels were significantly increased by rimonabant 20 mg, a finding different from the effects of fibrates, which have been reported to preferentially increase the concentration of the HDL 3 subfraction. 23 HDL particle size assessed by gradient gel electrophoresis was also increased, suggesting that rimonabant may affect to a greater extent HDL particle size than HDL concentration. Such changes in both HDL quantity and quality have also been reported to occur in response to endurance exercise training. 24 Further studies examining HDL kinetics and function should determine the physiological implications of such findings regarding well-known properties of HDL including its antiinflammatory, antithrombotic, and antioxidative potential beyond its role in reverse cholesterol transport. 25, 26 As the high TG-low HDL-C dyslipidemic state of abdominal obesity is very often accompanied by a state of insulin resistance, fasting plasma glucose and insulin levels were also assessed in ADAGIO-Lipids. Significant reductions in these indices of plasma glucose-insulin homeostasis confirm the effect of rimonabant on insulin resistance, which had been shown to improve glucose tolerance, 12, 15 reduce insulin levels, 12, 13, 15 and improve glycemic control in T2DM patients. 14 The results of the CT substudy provides for the first time evidence that rimonabant induces a significant loss of visceral fat. Furthermore, the reduction in visceral fat was accompanied by a decrease in liver fat, a finding compatible with the decrease in ALT previously reported with rimonabant therapy 12 and confirmed by the ALT results of ADAGIO-Lipids. Accordingly, results of ADAGIO-Lipids provide for the first time direct evidence in human subjects that CB 1 receptor antagonism may represent a relevant approach to specifically target visceral obesity and excess liver fat, a phenotype predictive of a constellation of metabolic abnormalities which include inflammation. 6, 9 Indeed, ADAGIO-Lipids also provides evidence that pharmacotherapy aimed at visceral obesity/liver fat induces a substantial reduction in plasma hs-CRP levels, a commonly used marker of inflammation predictive of cardiovascular disease risk. 27 Furthermore, our observed reduction in systolic and diastolic blood pressure and hs-CRP levels combined with the robust increase in adiponectin concentration produced by rimonabant are consistent with the welldocumented effect of weight loss and loss of abdominal fat on blood pressure and inflammation as well as on adipose tissue biology. 28, 29 Finally, analysis of changes in HDL-C and adiponectin levels across subgroups classified on the basis of magnitude of weight loss provides further evidence of a cardiometabolic effect of rimonabant which cannot be explained by weight loss. For instance, regression analyses revealed that 72% of the response in HDL-C and 67% of the response in adiponectin to rimonabant could not be explained by weight loss. These results are fully concordant with experimental evidence that rimonabant may affect the metabolism of tissues such as the liver (decreased lipogenesis) and adipose tissue (increased secretion of adiponectin). 30, 31 It is, however, important to point out that the present study did not have sufficient statistical power to address the issue of whether or not the improvements in the cardiometabolic risk profile reported herein are dependent/independent from changes in visceral/ectopic fat. Further trials specifically designed for that purpose will be necessary to address this important question.
Safety
The side effect profile of rimonabant has been extensively studied, and most side effects were mild or moderate in intensity with the exception of a low incidence of depressive disorders. No deaths occurred during the trial. Safety results of ADAGIO-Lipids are fully consistent with previous studies, with the exception of the recently published STRADIVARIUS trial which reported higher rates of depressive symptoms than in ADAGIO-Lipids. 32 It is important, however, to keep in mind that patients with a history of severe depression were excluded in ADAGIO-Lipids. In STRADIVARIUS almost 20% of patients were treated with antidepressant medications. In ADAGIO-Lipids, only 9 patients (2.2%) and 13 patients (3.2%) in the placebo and rimonabant groups, respectively, started antidepressant medication during the treatment period. Therefore, results of ADAGIO-Lipids provide further evidence that there is a fairly low incidence of depressive disorders leading to discontinuation of treatment when patients with a history of depression are not considered for rimonabant therapy. Furthermore, cardiovascular safety was also confirmed in ADAGIO-Lipids with a significant blood pressure-lowering effect of rimonabant.
Conclusions
Results of the ADAGIO-Lipids trial confirm the welldocumented HDL-C-raising properties of rimonabant in overweight/obese patients with atherogenic dyslipidemia and provide novel insight into the significant effects of rimonabant on visceral adiposity and liver fat content. Given the current debate surrounding the benefit/risk ratio of rimonabant and of CB 1 antagonists, our results provide evidence that rimonabant should not be prescribed/perceived as an "antiobesity blockbuster" medication. Rather, it is suggested that targeting the ECS with rimonabant remains a promising approach which must be "targeted" to the right patient subgroup: those with excess visceral/liver fat who are at increased cardiometabolic risk.
